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We study the entanglement spectrum of topological systems hosting non-Abelian anyons. Akin
to energy levels of a Hamiltonian, the entanglement spectrum is composed of symmetry multiplets.
We find that the ratio between different eigenvalues within one multiplet is universal and is deter-
mined by the anyonic quantum dimensions. This result is a consequence of the conservation of the
total topological charge. For systems with non-Abelian topological order, this generalizes known
degeneracies of the entanglement spectrum, which are hallmarks of topological states. Experimen-
tal detection of these entanglement spectrum signatures may become possible in Majorana wires
using multicopy schemes, allowing the measurement of quantum entanglement and its symmetry
resolution.
I. INTRODUCTION AND MAIN RESULT
Quantum entanglement gained a pivotal role in our un-
derstanding of many-body systems and specifically topo-
logical order1–3. Its simplest measure is the entropy of
entanglement between region A and region B of a bipar-
titioned system. In terms of the reduced density matrix
of a subsystem A, ρA = trBρ, the entanglement entropy
is given by the associated entropy S = −Tr(ρA log ρA).
Much more information however is encoded in the entan-
glement spectrum (ES), consisting of the spectrum {λ} of
eigenvalues of ρA. In topological phases, the ES provides
valuable information on the physics of the edge. One
may relate the ES to energy levels of an “entanglement
Hamiltonian”4 living on the edge of region A, defined via
ρA = e
−HE , or λi = e−εi .
The significance of the ES in topological phases was
introduced in the seminal paper of Li and Haldane in
2008 which studied 2D fractional quantum Hall (FQH)
ground states4. The low lying part of the ES was found
to exhibit universal features related with the conformal
field theory spectra of edge states living on the entan-
glement cut. This bulk-boundary correspondence was
then extensively explored in a large body of studies5–11
testing a variety of models such as fractional Chern in-
sulators12, resonating valence bond wave functions7, or
topological spin liquids13; for a recent review see Ref. 14.
Along with these findings it became clear that the ES
is a natural quantity for powerful numerical algorithms,
based on, e.g., matrix product states or projected entan-
gled pair states (PEPS). This general understanding of
the role of the ES in topological systems included both
Abelian states (e.g. the ν = 1/3 FQH state) and non-
Abelian states (e.g. the ν = 5/2 Moore-Read state or a
p + ip superconductor). Here, we take a closer look at
the ES in non-Abelian states. We make progress using
a topological quantum field theory language, specifically
building on a 1D perspective.
The perspective of entanglement developed into a cen-
tral approach towards classification of interacting topo-
logical phases, with powerful results specifically in 1D
systems15–19, including symmetry protected topologi-
cal (SPT) states and generalizations to higher dimen-
sions20,21. Direct manifestations of topological phases
have been identified in 1D as symmetry-protected degen-
eracies in the ES17 which are fingerprints of topologi-
cal states in many different models22–29. These degen-
eracies are a consequence of the action of symmetry on
the eigenvectors of the reduced density matrix ρA (the
“Schmidt states”). A beautiful argument17 asserts that
in gapped 1D systems with a finite correlation length ξ,
every symmetry operation acts as a unitary operator on
the “low energy” Schmidt states, and can be factorized
into two operators OLOR, acting locally within distance
ξ from the left or right ends of segment A, respectively.
Thus the eigenstates of HE provide a representation of
the symmetry group. To illustrate this Ref. [17] consid-
ered the Haldane integer-spin chain. Any SU(2) spin
rotation can be represented on the low lying eigenstates
of HE in terms of generators SL and SR acting near the
two ends of region A, where Stot = SL+SR. Since Stot is
integer, we can have two possibilities: a “trivial” phase
in which both SL and SR are integer, or a “topological”
phase with both SL and SR half integer. In the latter
case there must be an ES degeneracy of at least 4, due to
a the two-fold degeneracy associated with a half-integer
spin at each end.
This should be contrasted with systems hosting non-
Abelian anyons on their edges, like the Kitaev chain30
with Z2 parity-number conservation, or parafermion
chains31, where the edge operators do not support a local
Hilbert space. For example in the Kitaev chain the sym-
metry operator measuring the total parity decomposes as
Ptot = iγLγR, where γL/R are Majorana fermion modes,
composed of degrees of freedom near either left or right
end, which however do not support a local Hilbert space.
This is a common feature of non-Abelian anyons.
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2Generally, in the presence of symmetry, the re-
duced density matrix and hence HE can be block-
diagonalized according to symmetry quantum num-
bers32–34. Such a charge-resolution was recently applied
in two-dimensional topological phases35 allowing to gen-
eralize the topological entanglement entropy1,2 for sys-
tems protected by a symmetry.
In this paper we rely on this general symmetry-
decomposition scheme, applied for the case of topological
charge, defined below, in order to uncover internal struc-
ture in the ES in topological gapped phases supporting
non-Abelian anyons. We demonstrate our predictions in
explicit 1D lattice models of interacting anyons, and show
that one can test them in experiment within available ex-
perimental setups in the context of Majorana wires.
A. Non-Abelian anyons
The idea to use the multi-dimensional, non-local space
spanned by non-Abelian anyons to encode quantum in-
formation was put forward by Kitaev36. Non-Abelian
anyons are physically realized as quasiparticles in sys-
tems with topological order. Operations such as braiding
and fusion form the basis for topological quantum com-
putation; for a review see Ref. [37]. The universal statis-
tical properties of anyons are encoded in their topologi-
cal quantum field theory (TQFT)38–40. Our subsequent
symmetry decomposition of entanglement relies on the
concept of “topological charge” or “total fusion channel”,
a conserved quantity in anyonic systems. Consider a col-
lection of anyons taken from a set {I, a, b, c . . . } satisfying
certain fusion rules a × b = ∑cN cabc, meaning that two
anyons a and b can “fuse into” an anyon of type c as long
as the (integer valued) fusion coefficient N cab is finite. If
N caa 6= 0 for more than one fusion outcome c, then a col-
lection of a anyons can encode information non-locally,
and anyon a is said to be non-Abelian. The total topo-
logical charge of the collection of anyons can be obtained
by sequentially fusing pairs of anyons ending with a sin-
gle anyon atot. For N anyons of type a, the number of
intermediate fusion channels grows exponentially as dNa ,
where da is the quantum dimension. Different choices of
a sequence of fusion are related by a basis transforma-
tion. On the other hand the total fusion outcome is a
conserved “topological charge”.
To study the entanglement between subsystems A and
B in some topological ground state |Ψ〉, it is natural to
work in a basis where one fuses all anyons in each region
into their total fusion channel aA and aB respectively.
Then the total topological charge atot is determined by
aA×aB =
∑
atot
NatotaAaBatot. While the full wave function
|Ψ〉 has a well defined topological charge, importantly en-
tangled states are a superposition of different sub-system
charges aA, aB . We restrict our attention to the natural
case of a closed system with a total topological charge
corresponding to the vacuum state, i.e., atot = I. In
what follows we reserve the letter c to denote the total
𝜆
𝑖
FIG. 1. (a) Bipartition of a 1D system on an open segment.
The wave function admits a Schmidt decomposition in terms
of the boundary anyon pair aL, a¯L and a pair aR, a¯R at the
cut between A and B. The total charge in region A, c = aA,
is determined by the fusion of the anyons in A. (b) Universal
structure of the ES composed of many multiplets described
by Eq. (1) with internal multiplicities and spacing determined
by the quantum dimension of c. (c) ES of the Kitaev chain
H =
∑64−1
j=1 (c
†
jcj+1 + c
†
jc
†
j+1 + h.c.) + µ
∑64
j=1 c
†
jcj for chem-
ical potential µ = −3,−2.5,−2, . . . , 3. Here c = 1, ψ takes
two values with the same quantum dimension. The resulting
topological degeneracy is removed at the transition, |µ| ≥ 2.
At the sweet spot µ = 0 there is a single multiplet.
fusion channel in region A, c = aA, and assume aB = c¯.
The conservation of the topological charge implies41 that
ρA forms blocks labeled by c. Hence the ES is a union of
the ES of each block with fixed topological charge. One
may ask: what is the contribution to the entanglement
from each charge sector33? is there a general relation
between these contributions?
For concreteness we consider 1D gapped models on an
open segment. Suppose that our 1D topological phase
carries an anyon of type a as edge states. One may then
postulate that the wave function |Ψ〉 is described in terms
of pair of anyons of type a pulled out of the vacuum
across each entanglement cut between A and B. For our
1D system on an open segment we have two such pairs
of anyons, as depicted in Fig. 1(a). From this picture,
using the rules of TQFT we find that the ES decomposes
according to the subsystem topological charge c as
{λ} = ⋃c{λ}c, #c = N caa, λc ∝ dc. (1)
3The ES for each charge sector c consists of a single eigen-
value λc with multiplicity #c. The multiplicity is just the
number of possibilities for fusing the boundary anyons
into the total topological charge c, #c = N
c
aa. Our main
result is that λc probes the quantum dimension of the
type-a anyon, λa ∝ da. We can see that in general anyon
systems the ES is characterized by universal ratios of its
eigenvalues determined by the quantum dimensions dc,
instead of degeneracies. Equivalently, multiplets in the
entanglement Hamiltonian have the same decomposition
{ε} = ∪c{ε}c with multiplicities #c, and with an addi-
tive entropy term
δεc = − log dc, (2)
see Fig. 1(b). This central result demonstrates that
the charge-resolved entanglement contains TQFT data,
which can be interpreted as the entropy associated with
a single anyon c.
A similar term appears1,2 as the subleading term γ,
referred to as topological entanglement entropy, in 2D
topologically ordered systems with a finite correlation
length S(LA) = αLA − γ + .... Here α is a non-universal
constant, while γ = logD is a universal number known
as the total quantum dimension D = √∑a d2a character-
izing the topological medium.
In generic models hosting non-Abelian anyons there
are additional local degrees of freedom creating entan-
glement on the scale of the correlation length ξ across
the entanglement cut. These are reflected in the ES by
additional non-universal levels. When these local degrees
of freedom are independent from the anyons, each such
level becomes a multiplet with exactly the same struc-
ture as the ground state described by Eq. (1), see dashed
circle in Fig. 1(b).
The Kitaev chain realizes a familiar but unfortunately
non-exhaustive example of Eq. (1). It is described in
terms of Ising anyons {I, ψ, σ}, where for open bound-
ary conditions the edges of the chain host σ-anyons
(corresponding to γL and γR above), with fusion rules
σL×σR = I+ψ. We thus have two topological charges I
and ψ corresponding to even and odd electron parity in
region A, respectively. Accordingly the ES is decomposed
as {λ} = {λ}I ∪ {λ}ψ. However, both of anyons I and ψ
are Abelian, dI = dψ = 1 implying λI = λψ = 1/2. This
yields the familiar degeneracy in the ES of the topologi-
cal phase in the Kitaev model, seen in Fig. 1(c). Thus it
would be interesting to explore the ES and the prediction
in Eq. (1) in models hosting more exotic anyons.
The rest of the paper is organized as follows. After
deriving the main result Eq. (1) in Sec. II, in Sec. III
we demonstrate its validity for specific lattice models. In
contrast to the Kitaev model, in order to observe non-
trivial ratios in the ES, one needs models whose edge
states can fuse into a non-Abelian anyons having quan-
tum dimension da > 1. Zn parafermions which have re-
ceived considerable attention recently31 are richer than
Majorana fermion modes since their edge states have
n ≥ 2 fusion outcomes, which themselves, however, are
all Abelian anyons. Fibonnaci anyons satisfying the fu-
sion rule τ × τ = 1 + τ are rich enough to display
the nontrivial structure in the ES found here. Indeed,
1D models with exotic states have been built out of
these anyons42–44. Here, we demonstrate our results for
SU(2)k anyonic generalizations of the AKLT chain
45.
In Sec. IV we discuss an experimental protocol to de-
tect the topological charge resolution of the entangle-
ment. While the ES can be measured in small systems,
as was recently demonstrated for a small system real-
izing the AKLT chain46, here we develop methods for
general systems. We focus on topological-charge resolu-
tion of entanglement measures. As a first step towards
this goal, we focus on Majorana systems, specifically on
their implementations in quantum wires controllable by
charging energy effects47. Various protocols have been
proposed for designing entangled states48–52 (please note
that this is not a complete list). In accordance with
our results, the ES in particular and other entanglement
measures in general can be decomposed into degenerate
even/odd sectors. Using a general protocol for measure-
ment of charge-resolved entanglement33,53,54, we discuss
a concrete platform for measuring the second Re´nyi en-
tropy. In the topological phase hosting Majorana edge
states, the separately measurable even (c = I) and odd
(c = ψ) contributions to the Re´nyi entropy become de-
generate. This allows to measure experimentally the pre-
dicted topological degeneracies in the ES and assign it to
the charge resolution.
II. BOUNDARY-ANYONS ENTANGLEMENT
In this section we derive Eq. (1). Bonderson et al.39
have recently applied TQFT methods to study entangle-
ment of anyonic systems. Here we use these methods
and focus on the ES. The impatient reader may skip this
TQFT-based derivation directly to Eq. 6 at the end of
this technical section, and then to the next sections where
its significance is exemplified.
We consider the setting depicted in Fig. 1(a), where
anyons {a} appear on the entanglement cut between re-
gions A and B as well as on the physical boundaries. We
start with a system with boundary anyons a, a¯ pulled out
of the vacuum at the entanglement cut between regions
A and B, whose joint state is represented by |a, a¯; I〉R;
a second pair of anyons at the real boundary of the sys-
tem is represented by |a, a¯; I〉L. The total system is in
state |Ψ〉 = |a, a¯; I〉L|a, a¯; I〉R where L,R correspond to
the left and right edges of region A; this state is depicted
in Fig. 2(a) (here, we utilize the diagrammatic notations
by Kitaev38 as presented in Ref. [39]; see Appendix A).
Consequently, the density matrix of the full system is
ρ = |a, a¯; I〉L|a, a¯; I〉R〈a, a¯; I|L〈a, a¯; I|R, (3)
see Fig. 2(b). We then partition the anyons into two sub-
4FIG. 2. (a) Graphical representation of the normalized wave function (cf. Ref. [39]). Two pairs of anyons are fused out of
the vacuum creating entanglement between A and B. (b) Normalized density matrix. (c) Reduced density matrix, separated
into blocks with fixed total anyonic charge c in region A. The diagram is equivalent to two parallel lines [||]c representing the
identity operator in the Hilbert subspace of two anyons aL, a¯R, fused into c; see Eq. (4).
systems A = aL, a¯R, B = aR, a¯L, and proceed by tracing
out subsystem B. This leads to a diagram representing
the identity in the Hilbert space spanned by two anyons
aL, a¯R. Our main step here is facilitated by the decompo-
sition of this space according to the total fusion channel
c. This is diagrammatically represented in Fig. 2(c), and
results in
ρA = TrBρ =
∑
c
dc
daLda¯R
[IaL,a¯R ]c , (4)
where the square brackets describe the identity opera-
tor in the two-anyon Hilbert subspace with total fusion
channel c39. As discussed in Appendix B, this is given
by
[IaL,a¯R ]c =
NcaLa¯R∑
µ=1
|aLa¯R; c, µ〉〈aLa¯R; c, µ|, (5)
where generally aL and a¯R can fuse into c in multiple
ways labelled by µ. This pair of equations yields the
spectrum and degeneracies in Eq. (1),
λc =
dc
daLda¯R
, #c = N
c
aL,a¯R . (6)
The normalization of the density matrix follows from the
fusion algebra
TrρA =
∑
c
N caLa¯Rdc
daLda¯R
= 1. (7)
Below we demonstrate the result Eq. (6), illustrated in
Fig. 1(b), in concrete models of interacting anyons.
III. ANYONIC CHAINS
To test the topological field theory results, in this sec-
tion we study a lattice model of interacting anyons. Be-
fore focusing on a specific model in Sec. III A, we first
𝑋𝑖+1𝑋𝑖
𝑥𝑖+1𝑥0 = 0 𝑥𝐿 = 𝑎𝑡𝑜𝑡
𝑋1 𝑋𝐿
𝑥1 𝑥𝑖 = c
𝐴 𝐵
FIG. 3. An open chain of L anyons. We choose the total
topological charge atot = 0. The total topological charge of
region A, c = aA is given by the link connecting regions A
and B.
discuss generalities about the construction of the ES in
anyonic models.
Consider a system of anyons, some of which are lo-
cated in region A, and the rest in B. The structure of a
factorizable Hilbert space H = HA ⊗ HB , which is usu-
ally taken for granted, is actually not present, since each
individual anyon does not posses a local Hilbert space.
However, for every value of the total fusion channel aA
and aB in each region, there is a local Hilbert space
HaAA and HaBB , respectively. Thus, for a specific value
of the total charge atot, the Hilbert space is a direct sum
of factorizable spaces, consistent with the fusion rules
H = ⊕aA,aB ,NatotaAaB=1HaAA ⊗ HaBB (here for simplicity
N cab = 0, 1 for all a, b, c).
Following Singh et al.41 consider a chain of L anyons
denoted {Xi} (i = 1, . . . , L), whose state can be repre-
sented by the fusion diagram in Fig. 3. A family of such
1D models was introduced in Refs. [42–45]. This basis of
states is denoted as |x1, . . . , xL−1〉X1,...,XLx0xL = |{x}〉
{X}
x0xL
,
with external legs {X} corresponding to the L anyons,
and with fixed boundary anyons x0 and xL. The fusion
rule constraints N
xi+1
xi,Xi+1
6= 0 have to be satisfied at each
vertex. Setting x0 = I to the vacuum state, we can iden-
tify xL with the total fusion channel atot. We set it to
the vacuum state aL = atot = I.
Consider dividing the chain into region A containing
5anyons X1 . . . Xi and region B containing Xi+1 . . . XL.
It is evident that the link xi connecting A and B car-
ries the topological charge of region A, hence we iden-
tify xi = aA = c. For each value of c, each ba-
sis vector may be partitioned into the two regions as
|{a}, c, {b}〉{A},{B} = |{a}〉{A}0c ⊗ |{b}〉{B}c0 . This set of
states with fixed boundary condition specified by c de-
fines the Hilbert space for A and B, H = ⊕cHcA ⊗Hc¯B
and allows us to write any state |Ψ〉 = ∑{x}Ψ{x}|{x}〉
as
|Ψ〉 =
∑
c
∑
{a},{b}
[Ψc]{a},{b}|{a}〉{A}0c ⊗ |{b}〉{B}c0 . (8)
To obtain the ES one may treat the wavefunction
Ψ{{a},c,{b}} as a matrix [Ψc]{a},{b} of (super-)indices
{a}, {b}, representing the c component of the wavefunc-
tion, and perform a singular value decomposition (SVD)
on that matrix,
|Ψ〉 =
∑
c
∑
j
[Λc]j |ΦAj 〉{A}0c ⊗ |ΦBj 〉{B}c0 . (9)
Here, the vectors |ΦAj 〉{A}0c and |ΦBj 〉{B}c0 labeled by j be-
long to HcA and Hc¯B , respectively. We now turn to an
explicit example.
A. Anyonic-AKLT chain
We consider the anyonic-SU(2)k AKLT chain
45 as
a concrete example. The model contains a family of
anyons labeled by their integer “spin” quantum num-
ber j = 0, 1, . . . , bk/2c. These are generally non-Abelian
anyons, with fusion rules j1× j2 = |j1− j2|, . . . ,min{j1 +
j2, k − j1 − j2}, extending the usual SU(2) rules. The
j = 0 anyon corresponds to the vacuum state I with
zero topological charge. The chain consists of L anyons
of type j = 1, i.e., Xi = 1 (i = 1, . . . L) and the {xi}
should be consistent with the fusion rules xi−1 × Xi =
xi. The model contains an “AKLT sweet spot” anal-
ogous to the familiar AKLT chain55 with Hamiltonian
Hsweet spot =
∑L−1
i=1 P
(2)(Xi, Xi+1), consisting of projec-
tors of neighbouring j = 1 anyons Xi, Xi+1 onto the
j = 2 fusion channel. A parameter θ12 describes devi-
ations from the AKLT sweet spot whereby an additional
term ∝∑i P (1)(Xi, Xi+1) appears in the Hamiltonian
H=
L−1∑
i=1
[P (2)(Xi, Xi+1) cos θ12 − P (1)(Xi, Xi+1) sin θ12].
(10)
Using F-moves one can write the Hamiltonian in the basis
of Fig. 345; see Fig. 5(b).
We focus on the SU(2)k model with odd k ≥ 545 and
discuss explicitly the case of k = 5, with 3 anyons types
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FIG. 4. ES for the SU(2)5 anyonic-AKLT ground states at
θ12 = 0. Purple and red correspond to fusion channel c = 0, 1,
respectively. Closed expression given at Eq. (14).
FIG. 5. The F-move anyonic change of basis.
j = 0, 1, 2 of quantum dimensions dj
d0 = 1, d1 =
sin(3pi/7)
sin(pi/7)
, d2 =
sin(5pi/7)
sin(pi/7)
. (11)
These anyons satisfy the fusion rules
1×1 = 0+1+2, 1×2 = 1+2, 2×2 = 0+1, (12)
along with 0× x = x (x = 0, 1, 2). The following results
are obtained by exact diagonalization of this Hamilto-
nian, supplemented by analytic treatment at the AKLT
sweet spot.
1. Entanglement of the AKLT sweet spot
The ES for an equipartition of the ground state of the
open chain at the AKLT sweet spot is shown in Fig. 4
for various values of L. There are only two eigenvalues
with a total fusion channel of region A given by c = 0
and c = 1 (purple and red respectively). At sufficiently
6FIG. 6. (a) Exact ground state for the AKLT anyonic chain with PBC45. (b,c,d): Through a sequence of F-moves, the loop
can be brought into contractible form. After its contraction one obtains the diagram with OBC Fig. 3. This gives the exact
ground state Eq. (13).
large L their ratio approaches the ratio of the quantum
dimensions d0/d1. This result may seem surprising in the
absence of the underlying boundary anyons assumed in
Fig. 1. Through an exact solution, however, we shall see
that boundary anyons do indeed emerge and, accordingly,
the resulting ES is in line with our main result, Eq. (6).
2. Exact solution
To find the exact ground state for the AKLT chain
with open boundary conditions (OBC), we start from
the exact ground state that can be readily guessed45 for
periodic boundary conditions (PBC), see Fig. 6(a). The
state depicted in Fig. 6(a) is a ground state since each
pair of adjacent j = 2 anyons can never fuse into j = 2
according to the fusion rules Eq. (12), yielding a zero en-
ergy state which is a ground state of the positive definite
Hamiltonian Hθ12=0. Below we discuss its uniqueness.
In order to obtain the corresponding ground state for
OBC in the basis |{x}〉x0=0,xL=0 of Fig. 3, we sequen-
tially shrink and finally annihilate the loop. This is done
by applying F-moves according to the rule in Fig. 5(c),
and is implemented in Fig. 6(b,c,d). This gives back the
OBC diagram of Fig. 3. The resulting state is explicitly
given in terms of the F -matrices45 by
Ψ{xi} ∝
L−1∏
i=0
(F xi,1,22 )
xi+1
2 . (13)
This is the unique ground state of the total topological
sector atot = 0. In comparison, the usual spin-1 AKLT
Hamiltonian55 has 4 ground states, obtained by the sin-
glet and triplets that the two boundary spin-1/2-s can
form. In our anyonic model in Fig. 3 we have imposed a
total anyonic charge 0, analogous to restricting ourselves
to the the AKLT singlet state which is also unique.
As shown in Appendix C, one can analytically obtain
the ES from this state. Specifically, for a bipartition of
a chain with L anyons to regions A ∪ B consisting of
LA + LB = L anyons, we find
λ0 =
1
d22
· (1− (−d1)
1−LA)(1− (−d1)1−LB )
(1− (−d1)1−LA−LB ) ,
λ1 =
d1
d22
· (1− (−d1)
−LA)(1− (−d1)−LB )
(1− (−d1)1−LA−LB ) ,
λ2 = 0. (14)
One clearly sees that at the thermodynamic limit L→∞
the spectrum corresponds with our main TQFT result,
Eq. (6), and λ0,1 → d0,1/d22. This is plotted in Fig. 4 and
matches the exact diagonalization numerics.
3. Boundary anyons
In Fig. 6(a), which is the PBC representation of our
OBC state, we can see two j = 2 anyon lines connecting
regions A and B, see Fig. 7. We associate them with
the boundary anyons aL = aR = a¯L = a¯R = 2. Since
the state is gapped, in the thermodynamic limit these
boundary anyons are decoupled. The fusion rule 2× 2 =
0 + 1 then dictates that the total charge of region A can
only take on values c = 1, 2, which explains the structure
of the ES.
7FIG. 7. Visualisation of the “hidden” boundary anyons of the
OBC model depicted in Fig. 3 using the PBC representation
of Fig. 6(a).
4. ES beyond the AKLT sweet spot
Universal multiplet structure of the ES described by
the SU(2)k TQFT persists beyond the AKLT sweet
spot, everywhere within the topological phase of the
model which extends approximately over the range of
−0.19 . θ12/pi . 0.0645. Our results for the ES, ob-
tained via exact diagonalization of the Hamiltonian fol-
lowed by an SVD, are shown in Fig. 8 as a function of
θ12 for L = 21. The large L convergence of the various
multiplets is demonstrated in Fig. 9. One can see that in
addition to the dominant c = 0, 1 doublet at the AKLT
sweet spot θ12 = 0, additional multiplets appear at finite
θ12. This is similar to the behaviour of the ES in the
Kitaev chain away from the sweet spot, cf. Fig. 1(c).
The finite size results are in good agreement with the
statement that the ratio between eigenvalues of states
with charge c within each multiplet is proportional to
the quantum dimension dc.
The results can be understood as a generalization
of Eq. (6), which itself assumes well defined boundary
anyons aL, aR. Starting from the OBC chain at finite
θ12 at the ground state, and going in reverse through the
steps in Fig. 6, one would obtain the diagram in Fig. 6(a)
with two anyons lines connecting A and B, cf. Fig. 7.
Only at the AKLT sweet spot they carry a well defined
charge j = 2, however away from the AKLT sweet spot
the state |Ψ〉 is a linear superposition over the possible
values of aL, aR. Even in this case, we show in Ap-
pendix B that a multiplet structure emerges. Each multi-
plet is characterized by a pair of boundary anyons aL, a¯R,
with possible fusion outcome c determined by their fusion
rules. While the ground state multiplet corresponds to
(aL, a¯R) = (2, 2), the next multiplet and its multiplicity
follows from (aL, a¯R) = (2, 1) fusing into c = 1, 2 with
unit multiplicity.
IV. EXPERIMENTAL TESTS
Testing the anyonic-charge-resolved entanglement in
an experiment requires (i) physical systems realizing non-
Abelian anyons and (ii) protocols for practical measure-
ment of quantum entanglement. In this section we dis-
cuss controllable experimental setups based on semicon-
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FIG. 8. ES for the model Eq. (10) as a function of θ12
parametrizing deviations from the AKLT sweet spot. Purple,
red, and blue correspond to fusion channel c = 0, 1, 2, respec-
tively. Results are displayed in both linear (top) and loga-
rithmic (bottom) scales. The multiplet structure of Eq. (1) is
evident within the topological phase, cf. Fig 1.
ductor quantum wires, which could realize Ising anyons.
We propose to employ the schemes of Refs. [56,57] to
measure the n−th Re´nyi entropy (RE), sn = TrρnA, which
were demonstrated in a cold-atom experiments58,59; for
a recent work detailing this protocol, including the case
of symmetry resoluiton, see Ref. [53]. Our suggestion is
that testing the universal internal structure of the ES can
be achieved by extending these schemes to measure the
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FIG. 9. Convergence analysis of the results in Fig. 8.
charge-resolved entanglement32–34.
The predicted universal structure in the ES of topolog-
ical anyonic systems is reflected in the charge-resolved
RE: The separation of the ES into symmetry sectors
{λ} = ∪c{λ}c implies the additive structure of the RE,
sn =
∑
i λ
n
i =
∑
c sn(c). We refer to sn(c) as the charge-
resolved RE. Assuming that it is dominated by the largest
eigenvalues in {λ}c, for which the low-energy TQFT re-
sult Eq. (1) holds, we obtain the approximate relation-
ship sn(c) ∝ #cdnc . Thus measuring the ratio between
various charge-resolved contributions to the RE gives ac-
cess to universal topological data.
In this section we use this simple observation to demon-
strate, for systems realizing Ising anyons, that the known
degeneracies in the ES can actually be measured. In this
case #I = #ψ = 1 and dI = dψ, yielding the familiar de-
generacy in the ES, thus implying that the even and odd
charged-resolved REs are equal. For Kitaev’s Majorana
chain model the degeneracy is symmetry protected thus
this relation between the charged-resolved REs is exact.
This is explicitly shown in Fig. 10, where the same
model parameters as in Fig. 1(c) are used to compute the
parity resolved33,53 second REs, s2(c = I) = s2(even)
and s2(c = ψ) = s2(odd), on which we concentrate in
this section. One can see that as the system enters the
topological phase by tuning the chemical potential to the
regime |µ| < 2, the difference between the even- and odd-
REs vanishes up to corrections exponentially small in the
system size.
Thus, the symmetry resolved measurement of the RE
can serve as an order parameter for the topological phase:
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FIG. 10. Parity resolved second Re´nyi entropy for the Kitaev
chain. Dependence of the difference [s2(I) − s2(ψ)] on the
chemical potential for an equipartition of an open chain with
total length L = 32, 64, 128, cf. Fig. 1(c).
While the total entanglement entropy is just a non-
universal number, when symmetry resolved, this number
is exactly equipartitioned in the topological phase.
We note, that a similar entanglement-based order pa-
rameter appears in the Schmidt gap60 (i.e., the difference
between the two largest eigenvalues of the reduced den-
sity matrix) as was found for the an equivalent transverse
field Ising model, without explicitly decomposing the ES
into symmetry sectors.
A. Measurement of entanglement after fusion of
Ising anyons in a quantum wire
Consider a quantum wire with spin-orbit coupling on
top of which a floating superconductor is deposited.
Upon application of a magnetic field a transition to topo-
logical superconductivity hosting Majorana end modes
is expected61, as suggested, e.g., in a recent experiment
by Albrecht et al. by the field evolution of the Coulomb
blockade peaks62. This putative topological supercon-
ducting state supports Majorana fermion modes below
the gap allowing either even or odd fermion parity.
Aasen et al.50 envisioned interesting manipulations
of this system allowing to entangle Majorana fermion
modes. Consider the system in Fig. 11(a) of a quantum
wire Josephson-coupled to bulk superconducting leads.
In the Coulomb blockade regime the even and odd ground
states are split by Coulomb interactions, thus one may
initialize an even ground state. Upon Josephson-coupling
the wire to the bulk superconductors, charging effects
become negligible, yielding an approximate even-odd de-
generacy associated with the Majorana fermions50. The
switching-on of the Josephson coupling can be thought
of as production of a pair of Majorana fermions de-
noted γ1, γ4 at the end of the wire, in the vacuum fu-
9sion channel. Now, a subsequent division of the wire
into two segments denoted A and B by a central barrier,
can be described as pulling the second pair of Majorana
fermions γ2, γ3 from the vacuum. Identifying Majorana
fermion modes with Ising anyons, the resulting anyonic
wave function, depicted at the bottom of Fig. 11(a), re-
alizes the same state depicted in Fig. 1(a) with two pairs
of Ising anyons produced from the vacuum. They create
entanglement between two subsystems A and B, which
we wish to explicitly measure.
The resulting state can be written as |014023〉, where
0ij(1ij) is the even (odd) fusion channel of Majorana
fermion modes γi and γj . This corresponds to the fusion
of Ising anyons σ × σ with outcome I (ψ). Expressing
this state in the occupancy basis of two complex fermions
γ1 + iγ2 and γ3 + iγ4 in regions A and B, respectively,
the same state takes the form
|014023〉 = 1√
2
(
|012034〉+ |112134〉
)
. (15)
This realizes a maximally entangled Bell state between
the left and right segments of the wire.
To see the degeneracy of the ES explicitly, let us focus
on the subsystem A - the left wire segment in Fig. 11(a),
containing Majorana fermion modes γ1 and γ2. Tracing
out region B results in the reduced density matrix
ρA =
1
2
(
|012〉〈012|+ |112〉〈112|
)
, (16)
implying λI = λψ =
1
2 .
In contrast to this entangled state, one may prepare
a non-entangled state ρ′A = |012〉〈012| by starting with
two segments individually dominated by Coulomb inter-
actions, hence having fixed charge, and only then opening
the Josephson couplings to the bulk superconductors50.
Below we show how one can distinguish these states by
explicitly measuring their parity-resolved second Re´nyi
entropy.
B. Two-wire measurement setup
Following the protocol to measure the Re´nyi entropy57,
we add an identical wire hosting 4 Majorana modes, and
prepare the same quantum state in these wires. In the
final state of the system, the Josephson couplings domi-
nate over the charging energies so that charge may fluctu-
ate. We use this to transfer charge between the wires via
the Majorana modes. We label the two identical subsys-
tem by i = a, b, and refer to them as copies. Subsystem
A in each copy has two Majorana operators γ
a/b
1 and
γ
a/b
2 . Thus for the Bell state Eq. (16) the 2-copy reduced
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FIG. 11. (a) Creation of an entangled state of Ising anyons in
a quantum wire following Ref. [50]. Upon raising the central
barrier, starting from a well define total charge state, one
obtains the Bell state Eq. (15) in which the parity of the left
and right segments, comprising regions A and B, respectively,
are maximally entangled. (b) Two-copy system realizing a
protocol to measure the parity-resolved second RE. The two
copies are coupled by single particle tunnelling, Jab, via the
Majorana fermion modes, and then the parity of region A is
measured, e.g., by tunnel coupling (t1) the Majorana fermion
modes to two leads Ψ1,2, as well as an interference arm t0. A
similar parity measurement device has to be connected to the
top wire.
density matrix is a product state
ρaA ⊗ ρbA =
1
4
(
|0a0b〉〈0a0b|+ |0a1b〉〈0a1b|
+ |1a0b〉〈1a0b|+ |1a1b〉〈1a1b|
)
, (17)
where we dropped the Majorana indices for brevity. The
next step of the measuring protocol is to operate the
following tunnelling Hamiltonian
Hab = iJab(t)γ
a
1γ
b
1 + iJab(t)γ
a
2γ
b
2, (18)
see Fig. 6(b). If we turn on this coupling for time t = pi~4Jab
then the states of the system evolve into
|0a0b〉 7→ |0a0b〉, (19)
|1a0b〉 7→ 1√
2
(
|1a0b〉+ |0a1b〉
)
,
|0a1b〉 7→ 1√
2
(
|1a0b〉 − |0a1b〉
)
,
|1a1b〉 7→ |1a1b〉.
Defining fermion a as γa1 =
a†+a√
2
, γa2 =
a†−a√
2i
, and the
same for copy b with a↔ b, this transformation is equiv-
alent to57
a 7→ a+ b√
2
, b 7→ b− a√
2
. (20)
The final stage of the protocol is measuring the oc-
cupancy of subsystems a, b. Following Refs. [63,54] we
find that the second RE, s2 = Trρ
2
A, is given by: (i)
preparing the 2-wire setup, (ii) performing the (Fourier)
transformation of Eqs. (19) and (20), (iii) measuring the
10
Na Nb f(N) feven(N) fodd(N)
0 0 1 1 0
0 1 0 0 0
1 0 0 0 0
1 1 1 0 1
TABLE I. Measuring protocol for the second RE in the even
and odd parity fusion sector.
occupancies in each copy Na, Nb, and (iv) repeating steps
(i-iii) and averaging over a function f(N) where
f(N) = (−1) 12 (Na+Nb)+Naδ 1
2 (Na+Nb)∈N = δ 12 (Na+Nb)∈N,
(21)
see Table I. The last equality is a consequence of having
only two Majorana wires present in the system, hence
the occupancies Na,b are either 0 or 1. Moreover, since
the total occupancy is invariant under the transformation
we may immediately read off the second RE for each
fusion sector, s2(even/odd) = Tr[ρ
2
AδP,even/odd], where
(−1)P ≡ (−1)N is the parity operator (P = 0, 1). We
thus find
fP (N) = δ 1
2 (Na+Nb),P
, (22)
see Table I.
We now describe the occupancy measurement protocol
for copy b; copy a should be handled analogously. Each
one of the Majorana fermion modes should be coupled to
externally linked normal leads described by the Hamilto-
nian51,64
Hparity = t0Ψ
†
1Ψ2 + t1Ψ
†
1γ
b
1 + t2Ψ
†
2γ
b
2 + H.c., (23)
see Fig. 11(b). This results in the effective tunnelling
Hamiltonian
HT = (t0 + it12γ
b
1γ
b
2)Ψ
†
1Ψ2 + H.c., (24)
where t12 ∼ t1t2Ec with Ec the charging energy. Measur-
ing the conductance, it depends on the interference term
∼ t0t12〈γb1γb2〉, allowing to measure the occupancy in b.
Using Eq. (22), one may average the measurement results
{0, 1} to obtain the second Re´nyi entropy.
V. SUMMARY AND OUTLOOK
Using a topological quantum field theory approach,
the entanglement spectrum of topological phases hosting
non-Abelian anyons is found to have a universal struc-
ture: each eigenvalue can be labeled by the sub-system’s
anyonic charge, and its weight is dictated by the corre-
sponding quantum dimension; likewise, its degeneracy is
dictated by the fusion rules of the low energy topological
theory. We tested our results for solvable anyon-chain
models, specifically for the SU(2)k AKLT chains. Such
gapped models elucidate the fact that as the subsystem
size increases beyond the correlation length, the eigen-
values of the entanglement spectrum reach the predicted
universal ratio dictated by quantum dimensions. Our
result generalizes the well known degeneracies in the en-
tanglement spectrum, e.g.,, in the Haldane chain, which
serve as fingerprints of topological order, into universal
ratios dictated by the quantum dimension of the possible
fusion channels.
We have established a connection between our results
on the entanglement spectrum, with a quantity that can
be experimentally tested more easily. That is, measure-
ments of the anyonic-charge-resolved Re´nyi entropy pro-
vide information on the multiplet structure in the entan-
glement spectrum. We demonstrated this explicitly for
Ising anyons realized in the Kitaev chain. Unfortunately
this illustrates our results only in a partial way, since
the quantum dimensions of the total topological charge
correspond to Abelian anyons, hence the entanglement
spectrum is characterized by degeneracies, and not by
non-trivial ratios. Yet we have also shown that these de-
generacies can be measured via the parity-resolved Re´nyi
entropy in Majorana wires. In principle it should be pos-
sible to generalize the symmetry resolved Re´nyi entropy
measurement protocol to arbitrary anyons by projecting
anyon pairs onto specific fusion channels.
It would be interesting to connect our results with the
ES of non-Abelian 2D FQH phases4, which displays the
structure of conformal towers describing 1D edge states
(see Sec. I for further discussion and references). The
derivation of our results assumes a simple wave function
of few anyons fused from the vacuum (see Fig. 1); this is a
natural description of 1D states, e.g., in the Kitaev chain
or the various anyon-chain generalizations that we con-
sidered. However, the application of topological quantum
field theory is not restricted to 1D. It also describes the
non-Abelian sectors in 2D FQH phases, where the ES
is quasi-continuous due to the gapless 1D edge states.
Nevertheless, one can still label each state of the entan-
glement Hamiltonian by the total fusion channel of the
subsystem. We expect the prediction that the ES con-
tains universal multiplets dictated by the scaling dimen-
sions and fusion rules to apply even in the presence of
gapless edge states and leave this for future work.
Using our results, entanglement spectroscopy can be
used to identify non-Abelian anyons as emergent parti-
cles in condensed matter systems of interacting bosons
or fermions, both using computational methods, and
with sufficient motivation, using experimental multi-copy
entanglement-measurement methods.
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Appendix A: Notations and normalizations of
anyonic fusion algebras
In this appendix we specify the notations and conven-
tions of the anyonic fusion algebra in the paper.
The splitting space of two anyons, a and b, with total
charge, c, is a vector space V abc of dimension N
c
ab; it is
indexed by µ = 1, . . . , N cab. We label the states in this
space either using bra-ket notation |a, b; c, µ〉 ∈ V abc or
using the diagramatic presentation
|a, b; c, µ〉 =
(
dc
dadb
) 1
4
, (A1)
where the dual fusion space, V cab, is spanned by
〈a, b; c, µ| =
(
dc
dadb
) 1
4
. (A2)
We omit the µ-index for N cab = 1 where it is redundant.
The benefits of the above diagram normalization is the
orthonormality of the states:
〈a′, b′; c′, µ′|a, b; c, µ〉 = δa,a′δb,b′δc,c′δµ,µ′Ic, (A3)
Tr {|a, b; c, µ〉〈a′, b′; c′, µ′|} = δa,a′δb,b′δc,c′δµ,µ′ . (A4)
The partial traces are similarly nicely normalized
TrB {|a, b; c, µ〉〈a′, b′; c′, µ′|} = δa,a′δb,b′δc,c′δµ,µ′Ia.
(A5)
For example, we may use these normalized states to re-
solve the identity operator
= Iab =
∑
c,µ
|a, b; c, µ〉 〈a, b; c, µ|
=
∑
c,µ
√
dc
dadb
. (A6)
Note, that the relation between this “bra-ket” nor-
malization and Kitaev’s ψ-notation38 is |a, b; c, µ〉 ⇔
( dcdadb )
1/4ψabc,µ. With this identification all diagrammatic
representations are identical. A complete description of
anyonic fusion algebras in our normalized notation is
found in Appendix A of Bonderson, Knapp, and Patel39;
see also Ref. [65].
Appendix B: TQFT results for general edge content
The ES of anyonic models is complicated by two facts:
1. Multiple boundary anyons
First, one may have cases with multiple boundary
anyons. In this case, the effective wave function is de-
scribed in terms of anyons {ai}ni=1, {a¯i}ni=1 fused from
the vacuum and is given by
ρ =
∏
i
|ai, a¯i; I〉L|ai, a¯i; I〉R〈ai, a¯i; I|L〈ai, a¯i; I|R. (B1)
In this case, after tracing out region A, one obtains (note
that taking the partial trace is not equivalent to the par-
tial anyonic trace38,39
ρA = TrBρ =
∑
c
dc
1
[T˜rB [ρ]1]c =
∑
c
dc∏
i d
2
ai
[I{aLi ,a¯Ri }]c,
(B2)
where in general the identity operator of the collection of
anyons {aLi } ∪ {a¯Ri } to fuse into total channel c contains
N c{aLi }∪{a¯Ri }
≥ 1 many possibilities,
[I{aLi ,a¯Ri }]c =
Nc{aL
i
,a¯R
i
}∑
µ=1
|{aLi , a¯Ri }; c, µ〉〈{aLi , a¯Ri }; c, µ|, (B3)
I{aLi ,a¯Ri } =
∑
c
[I{aLi ,a¯Ri }]c, (B4)
N c{aLi ,a¯Ri } =
∑
dL,dR
Nd
L
{aLi }N
dR
{a¯Ri }N
c
dLdR , (B5)
Nd{ai} =
∑
{xi}n−1i=2
Nx2a1a2N
x3
x2a3 · · ·Nxn−1xn−2an−1Ndxn−1an . (B6)
This immediately yields the spectrum and degeneracies
generalizing Eq. 6,
λc =
dc∏
i d
2
ai
, #c = N
c
{aLi ,a¯Ri }. (B7)
2. Superposition of anyons
Second, the wave function may take the form of a linear
superposition over the boundary anyons,
|Ψ〉 =
∑
aL,a¯R
αaL,a¯R |a, a¯; I〉L|a, a¯; I〉R. (B8)
Consequently, the density matrix of the full system is
ρ =
∑
aL,a¯R
αaL,a¯R
∑
aL′,a¯′R
α∗a′L,a¯′R
× |a, a¯; I〉L|a, a¯; I〉R〈a′, a¯′; I|L〈a′, a¯′; I|R. (B9)
Tracing out subsystem B, as in Fig. 2(c), brings a delta-
function imposing aL = a
′
L, aR = a
′
R, and similarly for
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a¯L and a¯R. Thus,
ρA =
∑
aL,a¯R
|αaL,a¯R |2ρA(aL, a¯R), (B10)
where ρA(aL, a¯R) denotes the reduced density matrix for
fixed boundary anyons. In our main result, Eq. (6), var-
ious fusion trees associated with the possible internal fu-
sion processes of the fixed boundary anyons lead to #c
distinct Schmidt states; see Eq. (B7). Thus, distinct val-
ues of the boundary anyons allow for a further distinction
of the Schmidt states. We conclude that each block of
fixed c admits a further block decomposition according
to distinct values of aL, a¯R, which together fuse into c,
ρA =
⊕
aL,a¯R
|αaL,a¯R |2
⊕
c s.t. NcaL,a¯R
6=0
ρ
(c)
A (aL, a¯R). (B11)
We conclude that there are different multiplets labeled
by two boundary anyons aL, a¯R; Each multiplet decom-
poses according to the total anyon charge of region A,
c, with a multiplicity given by N c{aLi }∪{a¯Ri }
which indeed
depends on the edge content. This allows to understand
the results in Sec. III A 4.
Appendix C: Exact ES at the AKLT sweet spot
Here, we derive Eq. (14). The open BC anyon-chain
wave-function takes the form
ψ =
∑
{xi}
f({xi})|x1, · · · , xL〉, (C1)
where45 f({xi}) = (−1)#1(d1)(#1−L)/2(d2)L/2−#1, L is
the number of inner anyonic legs, #j is the number of
appearance of j−type anyons, and we impose xi ∈ {0, 1}
and x1 = xL = 0. This wave function is not normalized;
this is later taken into account. The form of this wave
function dictates that λ2 = 0 for all L, since none of the
anyons can be a 2−type anyon.
Let us define χij(n) =
∑
{xi}6=x1,xn f
2({xi})x1=i,xn=j
to be the probability to find a string with n inner legs
in which the first and nth anyons are x1 = i, xn = j.
We also define χi(1) = f
2(i) to be squared coefficient of
a single leg anyon string of length 1. The system under
consideration is a bi-partitioned string with n1, n2 outer
anyons in each sector, see Fig. (3). Since the singular
values are norm preserving, we can represent the two
unnormalized values of the entanglement spectrum as a
product of two strings
(Λ¯0)
2 =
χ00(n1 + 1)χ00(n2 + 1)
χ0(1)
, (C2)
(Λ¯1)
2 =
χ01(n1 + 1)χ10(n2 + 1)
χ1(1)
,
where the factors χ0(1) (χ1(1)) in the denominator are
due to double counting of a single 0 (1) anyon. The bar
sign indicates that these entanglement spectrum values
are not normailzed. However, we can take care of nor-
malization by observing that the string χ00(n1 + n2 + 1)
includes both Λ¯0 and Λ¯1. Therefore, the normalized val-
ues are
(Λ0)
2 =
χ00(n1 + 1)χ00(n2 + 1)
χ0(1)χ00(n1 + n2 + 1)
, (C3)
(Λ1)
2 =
χ01(n1 + 1)χ10(n2 + 1)
χ1(1)χ00(n1 + n2 + 1)
.
Using the string identities χ01(n) = χ0(1)χ11(n− 1) and
χ00(n) = χ00(2)χ11(n−2) we rewrite the above equations
as
(Λ0)
2 =
χ0(1)χ11(n1 − 1)χ11(n2 − 1)
χ11(n1 + n2 − 1) , (C4)
(Λ1)
2 =
χ11(n1)χ11(n2)
χ1(1)χ11(n1 + n2 − 1) .
Consequently, in order to obtain a closed form of the
entanglement spectrum for all n we need to explicitly
calculate only the value of χ11(n). To do so, we observe
that each χ11(n), which is nothing but an open string
starting and ending with 1 anyons, can be recursively
expressed as
χ11(n) = χ1(1)χ11(n− 1) + χ10(2)χ11(n− 2),
=
1
d1
χ11(n− 1) + 1
d2
χ11(n− 2). (C5)
This equation has a simple closed form solution:
χ11(n) = A+
B
(−d1)n , (C6)
where A and B are some constants. Using χ11(2) =
1
d22
and the value of χ1(1) =
1
d2
, we find
χ11(n) =
d1
d32
[
1− 1
(−d1)n
]
. (C7)
Plugging this at Eq. (C4) we obtain the general form of
the entanglement spectrum
Λ0 =
1
d2
√√√√√
[
1− (−d1)−n1+1
] [
1− (−d1)−n2+1
]
[
1− (−d1)−n1−n2+1
] ,
Λ1 =
√
d1
d2
√√√√√
[
1− (−d1)−n1
] [
1− (−d1)−n2
]
[
1− (−d1)−n1−n2+1
] . (C8)
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For equally partitioned system n1 = n2 = n one obtains
Λ0 =
1
d2
· 1− (−d1)
−n+1√
1 + d−2n+11
, (C9)
Λ1 =
√
d1
d2
· 1− (−d1)
−n√
1 + d−2n+11
.
This completes the derivation of the ES {λ} = {Λ2} in
Eq. (14).
1 A. Kitaev and J. Preskill, Phys. Rev. Lett. 96, 110404
(2006).
2 M. Levin and X.-G. Wen, Phys. Rev. Lett. 96, 110405
(2006).
3 H.-C. Jiang, Z. Wang, and L. Balents, Nature Physics 8,
902 (2012).
4 H. Li and F. D. M. Haldane, Phys. Rev. Lett. 101, 010504
(2008).
5 A. Chandran, M. Hermanns, N. Regnault, and B. A.
Bernevig, Physical Review B 84, 205136 (2011).
6 X.-L. Qi, H. Katsura, and A. W. Ludwig, Physical review
letters 108, 196402 (2012).
7 D. Poilblanc, N. Schuch, D. Pe´rez-Garc´ıa, and J. I. Cirac,
Physical Review B 86, 014404 (2012).
8 J. Dubail, N. Read, and E. Rezayi, Physical Review B 85,
115321 (2012).
9 A. Sterdyniak, A. Chandran, N. Regnault, B. A. Bernevig,
and P. Bonderson, Physical Review B 85, 125308 (2012).
10 B. Estienne, Z. Papic´, N. Regnault, and B. A. Bernevig,
Physical Review B 87, 161112 (2013).
11 B. Yan, R. R. Biswas, and C. H. Greene, Physical Review
B 99, 035153 (2019).
12 N. Regnault and B. A. Bernevig, Physical Review X 1,
021014 (2011).
13 D. Poilblanc, J. I. Cirac, and N. Schuch, Physical Review
B 91, 224431 (2015).
14 N. Laflorencie, Physics Reports 646, 1 (2016).
15 L. Fidkowski and A. Kitaev, Physical Review B 81, 134509
(2010).
16 F. Pollmann, A. M. Turner, E. Berg, and M. Oshikawa,
Physical review b 81, 064439 (2010).
17 A. M. Turner, F. Pollmann, and E. Berg, Physical review
b 83, 075102 (2011).
18 L. Fidkowski and A. Kitaev, Physical review b 83, 075103
(2011).
19 X. Chen, Z.-C. Gu, and X.-G. Wen, Physical review b 83,
035107 (2011).
20 X. Chen, Z.-C. Gu, Z.-X. Liu, and X.-G. Wen, Physical
Review B 87, 155114 (2013).
21 N. Schuch, D. Pe´rez-Garc´ıa, and I. Cirac, Phys. Rev. B
84, 165139 (2011).
22 L. Fidkowski, Physical review letters 104, 130502 (2010).
23 D. Poilblanc, Physical review letters 105, 077202 (2010).
24 C.-Y. Huang and F.-L. Lin, Physical Review B 84, 125110
(2011).
25 X. Deng and L. Santos, Physical Review B 84, 085138
(2011).
26 W. Li, A. Weichselbaum, and J. von Delft, Physical Re-
view B 88, 245121 (2013).
27 K. Duivenvoorden and T. Quella, Physical Review B 87,
125145 (2013).
28 H. Nonne, M. Moliner, S. Capponi, P. Lecheminant, and
K. Totsuka, EPL (Europhysics Letters) 102, 37008 (2013).
29 T. Morimoto, H. Ueda, T. Momoi, and A. Furusaki, Phys-
ical Review B 90, 235111 (2014).
30 A. Y. Kitaev, Physics-Uspekhi 44, 131 (2001).
31 J. Alicea and P. Fendley, Annual Review of Condensed
Matter Physics 7, 119 (2016).
32 N. Laflorencie and S. Rachel, J. Stat. Mech. , P11013
(2014).
33 M. Goldstein and E. Sela, Physical review letters 120,
200602 (2018).
34 J. C. Xavier, F. C. Alcaraz, and G. Sierra, Phys. Rev. B
98, 041106 (2018).
35 S. Matsuura, X. Wen, L.-Y. Hung, and S. Ryu, Physical
Review B 93, 195113 (2016).
36 A. Y. Kitaev, Annals of Physics 303, 2 (2003).
37 C. Nayak, S. H. Simon, A. Stern, M. Freedman, and
S. Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
38 A. Kitaev, Annals of Physics 321, 2 (2006), january Spe-
cial Issue.
39 P. Bonderson, C. Knapp, and K. Patel, Annals of Physics
385, 399 (2017).
40 J. K. Pachos, Introduction to topological quantum compu-
tation (Cambridge University Press, 2012).
41 S. Singh, R. N. Pfeifer, G. Vidal, and G. K. Brennen,
Physical Review B 89, 075112 (2014).
42 A. Feiguin, S. Trebst, A. W. Ludwig, M. Troyer, A. Kitaev,
Z. Wang, and M. H. Freedman, Physical review letters 98,
160409 (2007).
43 S. Trebst, E. Ardonne, A. Feiguin, D. A. Huse, A. W. Lud-
wig, and M. Troyer, Physical review letters 101, 050401
(2008).
44 S. Trebst, M. Troyer, Z. Wang, and A. W. Ludwig,
Progress of Theoretical Physics Supplement 176, 384
(2008).
45 C. Gils, E. Ardonne, S. Trebst, D. A. Huse, A. W. Ludwig,
M. Troyer, and Z. Wang, Physical Review B 87, 235120
(2013).
46 K. Choo, C. W. von Keyserlingk, N. Regnault, and T. Ne-
upert, Phys. Rev. Lett. 121, 086808 (2018).
47 R. Barends, J. Kelly, A. Megrant, A. Veitia, D. Sank,
E. Jeffrey, T. C. White, J. Mutus, A. G. Fowler, B. Camp-
bell, et al., Nature 508, 500 (2014).
48 B. Van Heck, A. Akhmerov, F. Hassler, M. Burrello, and
C. Beenakker, New Journal of Physics 14, 035019 (2012).
14
49 F. Hassler and D. Schuricht, New Journal of Physics 14,
125018 (2012).
50 D. Aasen, M. Hell, R. V. Mishmash, A. Higginbotham,
J. Danon, M. Leijnse, T. S. Jespersen, J. A. Folk, C. M.
Marcus, K. Flensberg, and J. Alicea, Phys. Rev. X 6,
031016 (2016).
51 L. Landau, S. Plugge, E. Sela, A. Altland, S. Albrecht,
and R. Egger, Physical review letters 116, 050501 (2016).
52 D. Litinski and F. von Oppen, Physical Review B 97,
205404 (2018).
53 E. Cornfeld, M. Goldstein, and E. Sela, Phys. Rev. A 98,
032302 (2018).
54 E. Cornfeld, E. Sela, and M. Goldstein, arXiv preprint
arXiv:1808.04471 (2018).
55 I. Affleck, T. Kennedy, E. H. Lieb, and H. Tasaki, Physical
review letters 59, 799 (1987).
56 D. A. Abanin and E. Demler, Physical review letters 109,
020504 (2012).
57 A. Daley, H. Pichler, J. Schachenmayer, and P. Zoller,
Phys. Rev. Lett. 109, 020505 (2012).
58 R. Islam, R. Ma, P. M. Preiss, M. Eric Tai, A. Lukin,
M. Rispoli, and M. Greiner, Nature 528, 15750 (2015).
59 A. M. Kaufman, M. E. Tai, A. Lukin, M. Rispoli, R. Schit-
tko, P. M. Preiss, and M. Greiner, Science 353, 794 (2016).
60 G. De Chiara, L. Lepori, M. Lewenstein, and A. Sanpera,
Physical review letters 109, 237208 (2012).
61 J. Alicea, Reports on progress in physics 75, 076501 (2012).
62 S. M. Albrecht, A. Higginbotham, M. Madsen, F. Kuem-
meth, T. S. Jespersen, J. Nyg˚ard, P. Krogstrup, and
C. Marcus, Nature 531, 206 (2016).
63 H. Pichler, L. Bonnes, A. J. Daley, A. M. La¨uchli, and
P. Zoller, New Journal of Physics 15, 063003 (2013).
64 S. Plugge, L. Landau, E. Sela, A. Altland, K. Flensberg,
and R. Egger, Physical Review B 94, 174514 (2016).
65 P. H. Bonderson, Non-Abelian anyons and interferometry,
Ph.D. thesis, California Institute of Technology (2007).
